Fetal and maternal glomerular filtration rate (GFR), renal plasma flow (RPF), urine volume, sodium excretion, and fractional sodium reabsorption were measured in a chronically instrumented sheep preparation. Fetal GFR was essentially stable between 110 and 135 days of gestation (term = 147 days). There was a significant increase in GFR after 135 days. After the infusion of 50 ml of normal saline over a 30minute period, fetal GFR and sodium excretion increased significantly. Fractional sodium reabsorption was significantly decreased. Thus, the fetus is capable of responding to volume ex-pansion with saline with an increase in GFR and a decrease in fractional sodium reabsorption. After the infusion of 1000 ml of normal saline into the ewe in 1 hour, maternal GFR and RPF rose significantly. Sodium excretion rose 6-fold and fractional sodium reabsorption fell significantly. After the infusion of saline into the ewe, there was no change in fetal GFR, RPF, sodium excretion, urine volume, or fractional sodium reabsorption. Since there were no changes in fetal renal function after maternal volume expansion with saline there was no evidence for the transplacental passage of a natriuretic factor from ewe to fetus.
THERE IS little information about many aspects of fetal and neonatal renal function. Analysis of urine from newborn infants has yielded limited information about fetal renal function.' Recently renal function of the lamb or goat fetus has been evaluated by acute or chronic instrumentation techniques by several groups of investigators. 2 "" 7 In the present study, chronically instrumented pregnant sheep and their fetuses were studied to analyze age-related changes in glomerular filtration rate (GFR) and renal plasma flow (RPF). In addition, experiments were designed to assess the ability of the fetus to increase urine volume and sodium excretion after infusion of saline into either the fetus or the mother.
Methods
Pregnant ewes of mixed Western breeds were sleeted for operation at known fetal gestational ages of 110-115 days (term = 147 days). Pregnancies were time-dated at conception and radiographically confirmed. Food was withheld for 48 hours prior to surgery; water, for 24 hours. Preoperative sedation was provided by intramuscular meperidine HO (150 mg). chlorpromazine HC1 (37.5 mg). and atropine sulfate (0.5 mg). Spinal anesthesia was induced with 4 ml of 1 % tetracaine HC1. and undue restlessness controlled with one or two intravenous injections of 180 mg of sodium pentobarbital.
The surgical and instrumentation methods have been described previously in detail. 8 Under sterile conditions, the uterus was delivered through a midline abdominal incision and wrapped in warm, saline-soaked towels. After hysterotomy, amniotic fluid was aspirated and saved in a sterile container. Care was taken to avoid any disruption of the umbilical circulation. Tygon polyvinyl catheters were placed in the fetal ascending aorta, via the carotid artery, in the superior vena cava via the jugular vein and into the bladder via cystotomy. A 125-mg deoxycorticosterone acetate pellet was implanted subcutaneously in each fetus to provide supramaximal levels of mineralocorticoid throughout the studies. This was done to avoid changes in sodium reabsorption due to changes in mineralocorticoid levels in the fetus. After the addition of 1 g of kanamycin sulfate to the amniotic fluid, it was replaced in the uterine cavity. Because kanamycin is poorly absorbed by the gastrointestinal tract, it is unlikely that the kanamycin has significant systemic effects on the fetus. The fetal catheters were brought through the uterine wall and the incisions in the membranes and uterus were closed. Polyvinyl catheters were placed in the maternal popliteal artery and vein and in the urinary bladder by cystotomy. All fetal and maternal catheters were exteriorized to the left flank of the ewe through a subcutaneous tunnel and housed in a cloth patch. Vascular catheter patency was maintained with sodium heparin (1.000 U/ml). Daily intramuscular injections of 1 million U of penicillin were administered to the ewe for 10 days after the operation. 14 C-inulin (New England Nuclear) and !31 I-sodium iodohippurate (Abbott) clearances were used to estimate GFR and RPF. respectively. In different experiments, renal function was measured in the fetus or the ewe. or both. The isotopes were administered intravenously as a loading dose at the start of the experiment (fetus. 10 /j.Ci of l4 C-inulin and 20 /xC\ of 131 I-iodohippurate; Ewe, 20 fid of l4 C-inulin and 50 /xCi of 131 I-iodohippurate and then by continuous infusion throughout the remainder of the experiment. Total infusion: Fetus. 15 /nCi of l4 C-inulin and 50 /xCi of 131 I-iodohippurate; ewe. 20 fj.C\ of I4 Cinulin and 100 /xCi of l3 'I-iodohohippurate. Urine and blood were collected for three 15-minute clearance periods beginning 30 minutes after the onset of the infusion. Blood samples were drawn at the midpoint of each period. VOL. 40, No. 6, JUNE 1977 Blood pH and hematocrit were monitored during the experiments. After the control clearance periods, saline was infused as described below and clearances were measured for three additional periods. Serum and urine samples (0.5 ml) were analyzed with a Packard three-channel liquid scintillation counter to calculate inulin and iodohippurate clearances. Calculations were made using the standard formula: clearance = (urine concentration x volume)/ serum concentration. Serum and urine sodium were measured with a flame photometer (model 143 Instrumentation Laboratories) and blood pH with a blood gas analyzer (model 213 Instrumentation Laboratories). Fetal renal function was measured as early as 1 day postoperatively. Data were obtained from fetuses of 110-145 days in gestational age.
Data are expressed as the mean ± standard error. Statistical analyses were made by Student's Mest or by linear regression analysis. In the experiments with saline loading, the mean of the three control periods for each animal was compared with the mean of the three experimental periods for that animal using the paired /-test. This was done since there were no significant differences between the three experimental periods.
Results

MEASUREMENTS OF FETAL GFR AND RPF
The GFR was measured for 133 clearance periods during 39 experiments on 11 animals. The mean GFR was 1.87 ± 0.11 ml/min. RPF was measured for 86 control periods during 25 experiments on 10 animals. Mean RPF was 2.94 ± 0.32 ml/min.
POSTOPERATIVE RECOVERY AND FETAL RENAL FUNCTION
The surgical procedure did not appear to depress fetal renal function even in the immediate postoperative recovery period. During the first 10 days after surgery the GFR was 1.79 ± 0.15 ml/min (n = 78). From 11 to 20 days after surgery the GFR was 1.56 ±0.13 ml/min (n = 36). At longer times after surgery the mean GFR was 3.09 ± 0.34 ml/min. (n = 17). The last group of animals was close to term when studied. By linear regression analysis. GFR = 1.26 + 0.049 ± 0.021 x number of days after surgery (n = 39. P < 0.025). Fetuses were studied as early as 24 hours after surgery and had inulin and hippu- rate clearances similar to those of the remainder of the 1to 10-day group. No significant changes in RPF were seen. RPF = 1.74 + 0.098 ± 0.053 x number of days after operation (n = 25; 0.1 > P > 0.05).
RELATION OF GESTATIONAL AGE TO GFR AND RPF
GFR rose significantly beyond 135 days gestation (2.81 ± 0.41 ml/min). (n = 16; P < 0.001) ( Fig. 1 ). No signficant difference in GFR existed between 110 and 124 days of gestation (1.80 ± 0.16 ml/min) (n = 73) and 125-135 days of gestation (1.64 ± 0.13 ml/min) (n = 44). There also was a significant relation between GFR and gestational age using linear regression analysis: GFR = -4.4 + 0.049 ± 0.021 x gestational age (n = 39; P = 0.025). No statistically significant changes in RPF were noted with increasing gestational age. For fetuses of 110-124 days RPF was 2.52 ± 0.35 ml/min (n = 46); at 125-134 days RPF was 2.95 ± 0.62 ml/min (n = 29); and at 135-145 days it was 4.37 ± 1.08 ml/min {n = 11). By linear regression analysis. RPF = -10.9 + 0.11 ± 0.06 x gestational age (n = 25; P = 0.1).
FETAL RESPONSE TO VOLUME EXPANSION WITH SALINE
We studied the response of the fetus to 50 ml of normal saline infused intravenously over a 30-minute period during 14 experiments on seven animals ( In these experiments glomerular filtration rate (GFR), renal plasma flow (RPF), sodium excretion, urine flow, and fractional sodium reabsorption were measured in the fetal lamb for three periods of 15 minutes each. After the infusion of 50 ml of normal saline over a 30-minute period, these parameters were measured for three additional 15-min periods. For each experiment, the mean of the three control periods was compared with the mean of the three experimental priods. In these experiments glomerular filtration rate (GFR), renal plasma flow (RPF), sodium excretion, urine flow, and fractional sodium reabsorption were measured in the ewe for three periods of 15 minutes each. After the infusion of 1,000 ml of normal saline over a 60-minute period, these parameters were measured for three additional 15-minute periods. For each experiment, the mean of the three control periods was compared with the mean of the three experimental periods. did not change after saline infusion. GFR increased significantly after saline loading but RPF did not. Sodium excretion increased markedly. Urine volume did not change. Fractional sodium reabsorption fell significantly (P < 0.025). Thus, the observed natriuresis was due in part to an increase in GFR and in part to a decrease in fractional sodium reabsorption. These experiments were performed 6-30 days postoperatively.
MATERNAL AND FETAL RESPONSE TO MATERNAL VOLUME EXPANSION
Control inulin clearance of the pregnant ewe was 98.4 ± 5.9 ml/min (n = 51). Hippurate clearance was 268.3 ± 22.1 ml/min (n = 39). In 11 experiments we tested the effects of an infusion of 1 liter of normal saline given over a 60-minute period ( Table 2 ). GFR and RPF rose significantly. There was a greater than 6-fold increase in sodium excretion. Fractional sodium reabsorption fell from 99% to 96% (P < 0.05). In contrast, there was no significant change in fetal hematocrit. GFR. RPF. urine flow, sodium excretion, or fractional sodium reabsorption following maternal volume expansion. Fetal pH rose slightly (Table 3) . These studies were performed 2-23 days postoperatively. Two of the studies were made less than 5 days after surgery. The results of these two studies did not differ from the remaining seven experiments.
Discussion
Although the fetal kidney is a developing organ that does not fully mature until several months after birth, it does respond in a mature manner to a number of physiological stimuli. For example, the fetal kidney responds appropriately to metabolic acidosis. 9 elevation of carbon dioxide tension. 10 and aortic constriction." The present study demonstrates that the kidney of the fetal lamb possesses another appropriate physiological response. It responds to saline volume expansion with an increase in GFR and a decrese in fractional sodium reabsoprtion. These responses contribute to the maintenance of sodium homeostasis in the fetus.
The mechanisms by which sodium reabsorption in the proximal tubule decreases during volume expansion are controversial. It is clear that changes in the peritubular capillary oncotic pressure and the hydrostatic pressure gradient across the tubule play a major role in the regulation of sodium reabsorption by the proximal tubule .' 2 -13 In addition to these factors, some investigators have postulated the existence of a natriuretic hormone that decreases fractional sodium reabsorption by the proximal tubule. This hypothesis remains unproven. Since molecules with a molecular weight less than 1.000 are capable of crossing the placenta 14 and since the natriuretic factor isolated by Bourgoigne et al. 15 had a molecular weight in this range, the current study was designed to investigate the possible transplacental passage of a natriuretic factor. Saline volume expansion of the ewe produced a marked diuresis in the ewe without a concurrent change in fetal sodium reabsorption. Thus, no evidence for transplacental passage of a circulating natriuretic factor was found. It remains conjectural whether there is a natriuretic factor which is too large to cross the placenta. 16 or if the natriuretic factor is protein-bound, if it is metabolized more rapidly than it crosses the placenta, or if it simply does not exist.
Measurements of GFR and RPF in the fetal lamb and pregnant ewe have been reported by others. 2 " 7 The sizable variation in the results of these studies presumably results
TABLE 3 Effect on the Fetus of Volume Expansion in the Ewe
pH (n = 6) Hematocrit (n = 5) GFR(ml/min) (n = 9) RPF(ml/min) (n = 6) Na excretion (/xEq/min) (n = 9) Urine flow (ml/min) (n = 9) Fractional Na reabsorption (n = 9) In these experiments glomerular filtration rate (GFR), renal plasma flow (RPF), sodium excretion, urine flow, and fractional sodium reabsorption were measured in the fetus for three periods of 15 minutes each. After the infusion to the ewe of 1,000 ml of normal saline over a 60-minute period, these parameters were measured in the fetus for three additional 15-minute periods. For each experiment, the mean of the three control periods was compared with the mean of the three experimental periods. VOL. 40. No. 6. JUNE 1977 from differences in experimental technique and from the fact that acute, subacute. and chronic preparations have been studied. Evaluation of renal function in acute preparations may be influenced by changes in fetal pH. Po 2 . or Pco 2 ." The data obtained from serial studies of chronically instrumented fetal lamb preparations appear to be more physiological than those from acute preparations. 8 ' l8 ' 19 Nevertheless, no consistent change in GFR or RPF was noted in our animals studied as early as 1 day after surgery.
The clearance of 14 C-inulin is an excellent method for the measurement of GFR in the fetal lamb. 2 The clearance of hippurate is commonly used to measure RPF. Renal tubular secretory capacity is diminished in the fetus 20 and does not reach mature levels for several months after birth. 21 " 25 In the fetal lambs the extraction ratio for hippurate is only 18% (E.S. Moore, personal communication). This explains the apparently high filtration fraction in this and previous studies. 2 ' 7 In summary, the present studies demonstrate that fetal volume expansion causes an increase in fetal GFR and a decrease in fractional sodium reabsorption. Volume expansion of the pregnant ewe causes an increase in GFR and a decrease in fractional sodium reabsorption in the ewe without altering these parameters in the fetus. Thus, there is no evidence for the transplacental passage of a natriuretic factor.
